ABBREVIATIONS AUC = area under the curve; BCVI = blunt cerebrovascular injury; CTA = CT angiography; EAST = Eastern Association for the Surgery of Trauma; GCS = Glasgow Coma Scale; MOI = mechanism of injury; MRA = MR angiography. SUBMITTED September 7, 2017 OBJECTIVE The objective of this study was to assess the incidence, diagnosis, and treatment of pediatric blunt cerebrovascular injury (BCVI) at a busy Level 1 trauma center and to develop a tool for accurately predicting pediatric BCVI and the need for diagnostic testing. METHODS This is a retrospective cohort study of a prospectively collected database of pediatric patients who had sustained blunt trauma (patient age range 0-15 years) and were treated at a Level 1 trauma center between 2005 and 2015. Digital subtraction angiography, MR angiography, or CT angiography was used to confirm BCVI. Recently, the Utah score has emerged as a screening tool specifically targeted toward evaluating BCVI risk in the pediatric population. Using logistical regression and adding mechanism of injury as a logit, the McGovern score was able to use the Utah score as a starting point to create a more sensitive screening tool to identify which pediatric trauma patients should receive angiographic imaging due to a high risk for BCVI. RESULTS A total of 12,614 patients (mean age 6.6 years) were admitted with blunt trauma and prospectively registered in the trauma database. Of these, 460 (3.6%) patients underwent angiography after blunt trauma: 295 (64.1%), 107 (23.3%), 6 (1.3%), and 52 (11.3%) patients underwent CT angiography, MR angiography, digital subtraction angiography, and a combination of imaging modalities, respectively. The BCVI incidence (n = 21; 0.17%) was lower than that in a comparable adult group (p < 0.05). The mean patient was age 10.4 years with a mean follow-up of 7.5 months. Eleven patients (52.4%) were involved in a motor vehicle collision, with a mean Glasgow Coma Scale score of 8.6. There were 8 patients (38.1%) with carotid canal fracture, 6 patients (28.6%) with petrous bone fracture, and 2 patients (9.5%) with infarction on initial presentation. Eight patients (38.1%) were managed with observation alone. The Denver, modified Memphis, Eastern Association for the Surgery of Trauma (EAST), and Utah scores, which are the currently used screening tools for BCVI, misclassified 6 (28.6%), 6 (28.6%), 7 (33.3%), and 10 (47.6%) patients with BCVI, respectively, as "low risk" and not in need of subsequent angiographic imaging. By incorporating the mechanism of injury into the score, the McGovern score only misclassified 4 (19.0%) children, all of whom were managed conservatively with no treatment or aspirin. CONCLUSIONS With a low incidence of pediatric BCVI and a nonsurgical treatment paradigm, a more conservative approach than the Biffl scale should be adopted. The Denver, modified Memphis, EAST, and Utah scores did not accurately predict BCVI in our equally large cohort. The McGovern score is the first BCVI screening tool to incorporate the mechanism of injury into its screening criteria, thereby potentially allowing physicians to minimize unnecessary radiation and determine which high-risk patients are truly in need of angiographic imaging.
B lunt cerebrovascular injury (BCVI) is characterized by nonpenetrating trauma to the vertebral and/ or internal carotid arteries resulting in an intraluminal or intramural hematoma that leads to stenosis or occlusion. 4, 24 The incidence of BCVI varies widely but is generally considered to involve between 1% and 9% of pediatric patients seen in the emergency department for blunt trauma-related injuries. 12, 20, 24, 26, 27 If not diagnosed early, BCVI could lead to significant neurological deficits and possibly death. 3, 20, 47 While BCVI has been well described in the adult population, there is a paucity of research regarding this entity in children. Currently, there is no standardized treatment for pediatric BCVI, and the risk factors for pediatric BCVI have not been clearly described. 42 Previous studies have suggested that the risk factors in the pediatric population may mimic those in adults. 35 However, recent research shows that the patterns of intracranial injury in pediatric trauma patients as observed on head CT scans differ significantly from those seen in the adult trauma population. 43 Additionally, treatment of BCVI varies in the adult and pediatric populations. Currently, the most common treatment for adult BCVI is anticoagulation therapy. Administering antithrombotic or anticoagulation therapy soon after injury may help patients who require it regain neurological function and minimize mortality. 17, 25 However, anticoagulation also carries a significant risk of hemorrhage, especially in the setting of coincident intracranial hemorrhage. 1 Endovascular stents have also been placed in select adult patients; however, stents carry the risk of hemorrhagic complications. 15 The treatment for pediatric BCVI is even less standardized than that for adult BCVI, and treatment protocols vary widely by trauma center. 6 Some studies have suggested that operative intervention is not associated with increased survival, and medical management might be the best way to treat low-grade pediatric BCVI injuries. 36, 44, 47 For this reason, it is imperative that research be conducted to develop a reliable method for screening pediatric BCVI patients and to develop a standardized method that institutions can use to evaluate BCVI risk. Only by developing an accurate screening tool can a consensus be drawn regarding the best approach for treating pediatric BCVI.
One of the difficulties with diagnosing BCVI is that the symptoms might be masked by other trauma to the head and neck. Furthermore, many patients do not initially present with focal neurological findings. 3, 47 For these reasons, and the lack of sufficient research, the true incidence of BCVI in pediatric patients is unclear. As a result, some have proposed a more inclusive screening protocol to identify BCVI with imaging, such as CT angiography (CTA), MR angiography (MRA), and angiography. 5, 9, 33 This is similar to the liberal screening of adult patients who present to the emergency department with possible BCVI. 5, 33 While some studies have demonstrated improved BCVI detection using angiographic imaging in the adult population, 45 there is direct evidence that the organ dose that corresponds to a common CT study results in an increased risk of cancer in children. 23 Children are considerably more sensitive to the carcinogenic effects of ionizing radiation and have a longer life expectancy during which the cancer risk can accumulate and manifest; as a result, no amount of radiation is safe in children. 11, 34 Studies have shown that 50 mGy of radiation exposure may triple the risk of leukemia, radiation doses of 60 mGy might triple the risk of brain cancer, 40 and dose-reduction strategies could dramatically reduce the number of radiation-induced cancers. 39 This risk is further compounded in pediatric patients at risk for BCVI because diagnosing BCVI requires angiographic imaging such as CTA, which contains an estimated radiation dose of 12-16 mSv. 2, 29, 31 This is equivalent to 120% of the dose of an abdominal CT study or 600 chest radiographs. 29 These risks indicate that a good screening tool is needed to accurately determine which pediatric patients are at high risk of BCVI in order to minimize unnecessary radiation exposure and future cancer incidence.
Currently there are 2 primary adult screening criteria for determining whether patients who present to the emergency department with BCVI need angiographic imaging: the Denver screening criteria and the modified Memphis criteria. 6 However, wide variation exists in the literature regarding the effectiveness of each of these criteria. A large systematic review and meta-analysis of more than 120,000 patients determined that BCVI was not identified in 20%-22% of adult patients using the Denver screening criteria. 27 Similarly, the modified Memphis criteria was shown to miss 37.5% of adult trauma injuries in a large retrospective study. 10 Due to the lack of literature discussing BCVI in pediatric patients, the Eastern Association for the Surgery of Trauma (EAST) looked at BCVI risk factors in a pediatric trauma cohort and determined that the risk factors for pediatric BCVI are similar to those in the adult population. Thus, EAST recommended a screening score for the pediatric trauma population that is very similar to those used for adults. 12, 35 Subsequently, several studies attempted to validate the use of adult screening criteria in pediatric BCVI, including the Denver group, which found that only 30% of symptomatic children with BCVI met their previously reported adult screening criteria. 32 Recently, however, Ravindra et al. at the University of Utah School of Medicine sought to retrospectively design a score that is specifically tailored toward identifying high-risk BCVI patients in a large pediatric trauma cohort. They reported demographic, clinical, and imaging characteristics in a cohort of pediatric patients diagnosed with BCVI to identify variables that could be used to determine which pediatric trauma patients are at a higher risk for developing BCVI. 41, 42 Additionally, these authors proposed a screening tool based on clinical evaluations and CT imaging to identify which patients who present to the emergency department with blunt trauma should undergo angiography in order to make a definitive diagnosis of BCVI. Although this score was validated in pooled data from other centers (Monroe Carell Children's Hospital, Nashville, Tennessee; St. Louis Children's Hospital, St. Louis, Missouri; Texas Children's Hospital, Houston, Texas), the sensitivity remained low at 59%, thereby indicating the questionable utility of this score as an initial screening tool. 42 This study is unique in that we incorporated the mechanism of injury (MOI) into our screening score, which is a criterion that was not previously examined by any of the aforementioned screening protocols. We used the Utah score as a comparison metric for our own screening tool, the McGovern score, because the former was the only screening tool specifically designed for the pediatric population. We evaluated stroke after BCVI in this population and assessed anatomical considerations in the vessel injury as well. We hope that by evaluating independent BCVI risk factors in conjunction with the Utah score at our Level 1 pediatric trauma center, we can develop a better screening tool to identify pediatric patients at high risk for BCVI and minimize unnecessary radiation exposure. Additionally, we hope to assess the incidence of BCVI in pediatric trauma patients as well as retrospectively evaluate the risk factors and treatment regimens for patients diagnosed with BCVI at our institution.
Methods

Patient Population
This hospital-based cohort study was conducted in Houston, Texas, at Memorial Hermann Hospital, which is a Level 1 pediatric trauma center, of pediatric patients who presented to our institution with BCVI between 2005 and 2015. Approval was obtained from the UT Health Committee for the Protection of Human Subjects. A trauma registry was compiled in which all pediatric patients (< 16 years) who were seen in the emergency department and admitted to the intensive care unit for trauma were prospectively recruited over the 10-year period of study. In total, 12,614 patients were recruited as part of this trauma registry. Patients (n = 44) who sustained penetrating injuries (i.e., gunshot wound or stab injury) to the head or neck were excluded from this study. Next, the data set was queried to identify trauma patients who underwent angiography (CTA, MRA, or angiography of the head and/or neck). In total, 460 patients were identified. These 460 patients were then individually graded for BCVI as determined by the Biffl scale, the criteria of which are used to classify the extent of BCVI injury based on angiographic imaging. 7 Twenty-one patients were found to have BCVI.
Data Collection
Among the patients who underwent angiography (n = 460), the imaging modality, patient age, arrival date, length of follow-up, and MOI were recorded. The MOI was categorized as a motor vehicle accident, automobilepedestrian accident, bicycle accident, fall, or other. The clinical information recorded for each patient who underwent angiography included Glasgow Coma Scale (GCS) on arrival and the presence or absence of a focal neurological deficit. The obtained radiological variables included the presence or absence of a carotid canal fracture, petrous temporal bone fracture, and cerebral infarction as determined on CT scanning. Patients who underwent angiography were then individually evaluated. Records of those found to have BCVI (n = 21) were queried for mode of treatment, type of intracranial injury, artery damaged, and BCVI injury grade, in addition to the aforementioned clinical and radiological variables mentioned. Additionally, Le Fort fractures, cervical spine fractures, cervical spine subluxation, and neck soft-tissue injuries (e.g., seatbelt sign, hypoxia as a result of squeezed arteries, hematoma) were noted in the BCVI cohort (n = 21). The mode of treatment was characterized as observation, antiplatelet therapy, anticoagulation therapy, endovascular stenting, or open surgery. The type of intracranial injury was characterized as epidural, subdural, subarachnoid, or contusion. The artery damaged was characterized as intracranial carotid, extracranial carotid, intracranial vertebral, or extracranial vertebral. Lastly, the BCVI injury grade was classified according to the Biffl grading scale.
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In this method of classification, a grade I injury involved intimal irregularity with < 25% narrowing, a grade II injury involved dissection of a vessel or the presence of an intramural hematoma with > 25% narrowing, a grade III injury involved the presence of pseudoaneurysm, a grade IV injury was characterized by an occlusion, and a grade V injury involved the transection of the vessel with extravasation.
Statistical Analysis
The data collected are summarized using the means and standard deviations for continuous variables and counts and frequencies for categorical variables. The recorded categorical variables were compared using Fisher's exact test or chi-square test.
To assess the Utah score's ability to predict BCVI incidence in this study's cohort, the Utah score was calculated for all patients who underwent angiography (n = 460). The variables involved in the Utah score included GCS score ≤ 8, focal neurological deficit, carotid canal fracture as seen on CT, petrous temporal bone fracture as seen on CT, and cerebral infarction as seen on CT ( Table 1) . Each of the variables was weighted as 1, 2, 2, 3, and 3 points, respectively (Table 1) . A cumulative score of ≥ 3 classified patients as high risk according to the Utah score 34 and merited the need for angiography to confirm or rule out a diagnosis of BCVI. Once these 5 variables were evaluated in the imaging cohort, patients were categorized into The sensitivity, specificity, positive predictive value, and negative predictive value were then calculated ( Table 2) .
To develop a more sensitive screening tool to identify BCVI, logistic regression models were generated to evaluate the sensitivity and specificity of the Utah score at varying thresholds as well as to determine which discrimination threshold was most appropriate (Fig. 1) . The most predictive threshold was determined by calculating the area under the receiver operating characteristic curve (AUC) for the different Utah scores. Based on these results, a Utah score ≥ 1 was redefined as high risk, and patients with a Utah score of < 1 were redefined as low risk. The sensitivity, specificity, positive predictive value, and negative predictive value were recalculated ( Table 2) .
To improve the specificity (i.e., reduce the number of false positives) of the redefined score, the MOI was incorporated into the screening criteria. The new McGovern score (Table 1) assigned 2 points to patients involved in a motor vehicle accident or automobile-pedestrian accident and redefined "high-risk" patients as those patients who had a McGovern score ≥ 3. A dichotomized score was kept as suggested in the study conducted by Ravindra et al. 41 to facilitate easy clinical decision making regarding whether angiography was necessary. A logistic regression model was made for the McGovern risk categorization and its association with BCVI. Using this model, the AUC for the dichotomized McGovern score was calculated (Fig. 1 ). The sensitivity, specificity, positive predictive value, and negative predictive value were again recalculated ( Table 2 ). Additionally, the 21 patients diagnosed with BCVI were also evaluated using the Denver screening criteria, modified Memphis criteria, and EAST screening criteria to determine the sensitivity of each of these screening tools in our cohort. All statistical testing was performed with the R software package (v3.1.2 with the MASS library).
Results
Patient Population Characteristics
A total of 12,614 pediatric patients were prospectively enrolled in the trauma registry. Of those patients, 44 patients were excluded due to penetrating injuries (gunshot would or stab wound), and 460 patients underwent angiography (CTA, MRA, or digital subtraction angiography). Angiography was performed in all patients within 24 hours of admission, often in the emergency department. Of those patients who underwent angiography (mean age 8.1 years), 21 were found to have sustained BCVI (mean age 10.4 years), leaving 439 who were not found to have sustained BCVI. Between the 2 cohorts, patients diagnosed with BCVI had a higher incidence of motor vehicle and automobile-pedestrian accidents. In the cohort of patients who underwent angiography and were not diagnosed with BCVI (n = 439), 209 patients (47.6%) were involved in a motor vehicle accident, 37 patients (8.4%) were in an automobile-pedestrian accident, 64 patients (14.6%) sustained injuries due to a fall, 12 patients (2.7%) were involved in a bicycle accident, and 117 patients (26.7%) were injured by some other cause of trauma. In the cohort of patients diagnosed with BCVI (n = 21), 11 patients (52.4%) were involved in a motor vehicle accident, 5 patients (23.8%) were involved in an automobile-pedestrian incident, 2 patients (9.5%) sustained injuries due to a fall, 1 patient (4.8%) was injured due to a bicycle accident, and 2 patients (9.5%) were injured due to some other cause of trauma (Table 3) . There were 4 deaths (19.0%) in the BCVI cohort. Additionally, 14 (66.7%) of these patients had one or more intracranial injuries, including 1 epidural hematoma, 7 subdural hematomas, 11 subarachnoid hemorrhages (with 1 patient later developing vasospasm), and 4 contusions ( Table 4) . Six (28.6%) patients had a stroke: 2 patients had a stroke on initial presentation and 4 patients had a stroke within 24-96 hours after initial medical management. These 4 patients had late strokes despite medical management with antiplatelet therapy. Furthermore, the majority of the BCVI patients (16; (Table 4) . Additionally, a total of 13 patients (61.9%) received treatment, while the remaining 8 patients (38.1%) were observed and received no medication (Table 5) . Of the patients with BCVI who were treated (n = 13), 2 patients (15.4%) had grade I injuries, 5 patients (38.5%) had grade II injuries, 3 patients (23.1%) had grade III injuries, and 3 patients (23.1%) had grade IV injuries (Table 4 ). Twelve of the 13 patients who received medical management were treated with antiplatelet therapy while 1 was treated with anticoagulation. However, this patient was started on anticoagulation therapy to treat deep venous sinus thrombosis and not for BCVI.
Utah Score Variables
The distribution of the Utah scores in patients who underwent angiography and were not diagnosed with BCVI (n = 439) was significantly (p < 0.05) different from the distribution of Utah scores in the cohort of patients diagnosed with BCVI (n = 21). In the imaging cohort, the clear majority-275 patients (62.6%)-had a Utah score of 0; 104 (23.7%), 22 (5.0%), 22 (5.0%), 10 (2.3%), 3 (0.7%), and 3 (0.7%) patients had Utah scores of 1, 2, 3, 4, 5, and 6, respectively. No patient (0%) had a Utah score greater than 6. In the group of patients diagnosed with BCVI, 4 (19.0%), 5 (23.8%), 1 (4.8%), 3 (14.3%), 2 (9.5%), 2 (9.5%), 1 (4.8%), 2 (9.5%), and 1 (4.8%) patients had Utah scores of 0, 1, 2, 3, 4, 5, 6, 7, and 8, respectively (Table 6) . Specifically, among the group of patients who underwent angiography and were not found to have BCVI (n = 439), 133 patients (30.3%) had GCS score ≤ 8, 21 patients (4.8%) had a focal neurological deficit, 20 patients (4.6%) had a fracture through the carotid canal, 15 patients (3.4%) had a petrous temporal bone fracture, and 7 patients (1.6%) had hypodensity on CT that was consistent with ischemia ( Table 7) . These values contrasted significantly (p < 0.05) from those seen among patients diagnosed with BCVI (n = 21) in which 10 patients (47.6%) diagnosed had GCS score ≤ 8, 4 patients (19.0%) had a focal neurological deficit, 8 patients (38.1%) had a carotid canal fracture, 6 patients (28.6%) had a petrous temporal bone fracture, and 2 patients (9.5%) had a cerebral infarction on CT at initial presentation ( Table 7) .
Assessment of the Utah Score
Each patient who received angiographic imaging (n = 460) was scored using the Utah scoring system and classified as high risk (score ≥ 3) or low risk (score ≤ 2). Using this threshold for high and low risk, a sensitivity of 52.4%, specificity of 91.3%, positive predictive value of 22.4%, and negative predictive value of 97.6% were calculated ( Table 2 ). In total, 47.6% (10 of 21) of patients with BCVI were misclassified as low risk (false negative) and 8.7% (38 of 439) of patients without BCVI were misclassified as high risk (false positive).
To develop a more sensitive screening tool for identifying patients at high risk for BCVI, a linear regression model was generated to determine the most sensitive and specific Utah score. A Utah score ≥ 1 produced a greater AUC (78.9%) than a score ≥ 3 (72%). A Utah score ≥ 1 was redefined as high risk, and patients with a Utah score of 0 were redefined as low risk. With a Utah score ≥ 1, 19.0% (4 of 21) of BCVI patients were misclassified as low risk (false negative) and 37.4% (164 of 439) of patients without BCVI were misclassified as high risk (false positive), as shown in Table 2 .
To reduce the number of false positives associated with a Utah score ≥ 1, the MOI was incorporated into the criteria for defining high versus low risk. The MOI was considered because of the greater number of BCVI patients involved in a motor vehicle collision or automobile-pedestrian accident than patients without BCVI. No other combination of demographic or clinical variables collected by our institution or measured by other screening scores (Denver, modified Memphis, or EAST) led to improved sensitivity and specificity within our cohort. The new screening score, the McGovern score, defined high risk as a McGovern score ≥ 3. The high-risk McGovern score was significantly associated with BCVI with an odds ratio of 10.6 (95% CI 3.5-32.0; p < 0.0001). The score discriminated well, with an AUC of 83.4% (Fig. 1) . Furthermore, the increase in AUC when incorporated with the MOI into the McGovern score was significant (p < 0.05) compared with a Utah score ≥ 1. When the McGovern score was applied to the BCVI cohort, a sensitivity of 81.0%, specificity of 71.3%, positive predictive value of 11.9%, and negative predictive value of 98.7% were calculated ( Table 2) .
Assessment of Other Screening Scores
The criteria for the Denver, 18 modified Memphis, 16 and EAST 12 screening tools are summarized in Table 8 . In our cohort, there were no neck soft-tissue injuries, no Le Fort fractures, and no cases of Horner's syndrome. There were, however, 3 patients with cervical spine involvement (2 fractures and 1 subluxation) and 2 instances of anoxic brain injury on initial presentation. Of the 21 cases of BCVI in our cohort, the Denver criteria would have missed 6 cases (sensitivity of 71%), the modified Memphis criteria would have missed 6 cases (sensitivity of 71%), and the EAST criteria would have missed 7 cases (sensitivity of 67%). None of these scores incorporated the MOI into their screening criteria. Furthermore, no BCVI patient in our cohort (n = 21) was correctly identified using the other screening scores (Denver, modified Memphis, EAST, and Utah) but missed using the McGovern score.
Discussion
In this study, we reviewed a prospectively collected cohort of 12,614 pediatric patients with blunt trauma and identified 460 patients (3.6%) who received angiographic imaging of the head and/or neck. Of those screened, 21 patients (4.6%) were diagnosed with BCVI.
Predicting BCVI in Children
There has been a recent flurry of research regarding BCVI in children, 8, 21, 37, 41, 42 with a special emphasis on the development and validation of screening criteria. While previous screening criteria have been used to evaluate the need for angiographic imaging in adult patients at high risk for BCVI (Denver and modified Memphis screening criteria), the Utah score has been proposed as a potential screening system for the pediatric trauma population. The Utah score assigns points based on the presence or absence of 5 BCVI risk factors with a maximum score of 11: GCS score ≤ 8 (1 point), focal neurological deficit (2 points), cerebral infarction on CT (3 points), fracture through the carotid canal (2 points), and petrous temporal bone fracture (3 points). The creators of the Utah score assigned a value of ≤ 2 as low risk, which corresponds to a posttest probability of 7.9%. In a subsequent multicenter validation study, the same group found a total misclassification rate of 16.6% among patients who underwent CTA at 4 Level 1 pediatric trauma centers.
In our study, we retrospectively applied the Utah, modified Memphis, Denver, and EAST screening criteria to 21 patients who were diagnosed with BCVI. In doing so, we found that the modified Memphis, Denver, and EAST screening criteria misclassified 6 (28.6%), 6 (28.6%), and 7 (33.3%) patients with BCVI, respectively, as low risk and not in need of subsequent angiographic imaging. Furthermore, the Utah score misclassified 10 patients (47.6%) with BCVI as low risk, including 5 patients with an injury score ≥ 3 according to the Biffl scale, 7 which is used to classify the severity of BCVI (grade I is mild intimal injury, grade II is dissection or luminal narrowing, grade III is pseudoaneurysm, grade IV is vessel occlusion, and grade V is vessel transection). This finding is consistent with a recent multicenter validation study of the Utah score in which 9 of 22 patients with BCVI were misclassified as low risk (40.9%). 41 The authors of that study correctly noted that the negative predictive value of the Utah score is quite high (97%), but this must be taken in the context of the rarity of BCVI in children. In our study, less than 1% of all pediatric patients with blunt trauma and only 4.6% of patients who received angiographic imaging had BCVI. Thus, hypothetical screening criteria that misclassify all true BCVI patients as low risk would have a negative predictive value between 95% and 100%.
One of our primary motivations for developing a better screening tool for determining BCVI risk is to better standardize the assessment of trauma patients between academic centers. Currently, there are no standards by which institutions, including our own, perform angiography or treat pediatric BCVI. The decision to obtain images is largely based on the severity of the injury and clinical gestalt. Without a reliable method by which institutions obtain angiographic imaging to consistently identify pediatric BCVI, a standardized treatment protocol (e.g., Focal neurologic deficit not explained by imaging Cervical spine fracture w/ subluxation C1-3 cervical spine fracture Cervical spine fracture extending into the transverse foramen Basilar skull fracture w/ carotid involvement Diffuse axonal injury w/ GCS score <6 Hypoxic ischemia due to squeezed arteries For each of these 3 screening tools, if any of the screening criteria are met, the recommendation is to perform further workup with angiographic imaging.
observation, anticoagulation, and surgical management) cannot be developed because the outcomes between institutions will not be comparable and many BCVI patients will not be identified. Furthermore, the incidence of pediatric BCVI is debatable, with some studies suggesting that it may be as high as 9%. 24 To more accurately determine the incidence and applicability of BCVI treatment, a good screening tool is a necessity. Ultimately, an accurate pediatric BCVI screening tool allows for a standardized BCVI assessment across academic institutions and provides a necessary platform for future research to be built on.
Another important consideration in the development of a better screening tool for determining BCVI risk is to prevent pediatric patients from being exposed to unnecessary radiation. Longitudinal studies have demonstrated that patients exposed to radiation in childhood have an increased risk for cancer development. Specifically, children younger than 10 years who underwent CTA, which corresponds to about 12-16 mSv of radiation, have a 0.18%-0.24% increased cancer risk above baseline per angiography study.
2,31 Furthermore, nearly one-quarter of our cohort underwent multiple angiography sessions. Based on this information, obtaining angiograms in every patient in our cohort (n = 460) suspected of having BCVI would cause secondary cancers in 1-2 patients due to radiation exposure. This long-term cancer risk is concerning because the McGovern score misclassified 4 patients diagnosed with BCVI, and all 4 of these patients were treated conservatively (3 with observation and 1 with aspirin). For this reason, the risk of cancer development outweighs the benefits of broad angiography. On the other hand, while obtaining angiograms in every patient is unacceptable, efforts should be taken to develop screening criteria that will misclassify as few patients as possible. As newer radiation techniques and more optimal angiography modalities continue to be developed, we suspect that the radiation exposure that results from these studies will decrease over time; however, due to concerns regarding the long-term risk of radiation exposure in pediatric patients, we feel than an improved screening tool will still benefit this patient population by reducing unnecessary radiation exposure.
Synthesizing Clinical Findings and MOI: The McGovern Score
Despite the high rate of misclassification, the Utah score nonetheless provides a great starting point for the creation of a clinically useful tool for pediatric BCVI screening. As opposed to all other aforementioned screening scales (Denver, modified Memphis, and EAST), the Utah score was specifically designed for a pediatric trauma cohort and had been previously validated at another institution. 41 In our series, we found that many of the patients with highgrade BCVI who were misclassified shared in common a high-impact MOI involving motor vehicles (the patient was either a passenger in a car or motorcycle accident or a pedestrian struck by a car or motorcycle). For example, of the 10 patients who were subsequently found to have BCVI on angiography and were misclassified as low risk by the Utah score, 9 were involved in a motor vehicle accident. Furthermore, the only risk factors for BCVI in the majority of patients misclassified by the Denver, modified Memphis, or EAST screening criteria were GCS score ≤ 8 and being involved in a motor vehicle accident. There were no other significant clinical or radiological findings consistently demonstrated in our BCVI cohort (n = 21). It would be unreasonable, however, to recommend angiographic studies for every case of pediatric trauma resulting from motor vehicle accidents because this would result in a huge number of unnecessary studies given the low incidence of pediatric BCVI.
We propose modifying the Utah score by assigning the MOI a point value of 2. Thus, patients who present with either a Utah score ≥ 3 or a Utah score ≥ 1 plus the MOI will be screened. The McGovern score was 28.6% more sensitive for predicting pediatric BCVI than a Utah score ≥ 3, 14.3% more sensitive for predicting pediatric BCVI than the EAST screening criteria, 9.5% more sensitive for predicting pediatric BCVI than the modified Memphis screening criteria, and 9.5% more sensitive for predicting pediatric BCVI than the Denver screening criteria. By including the presence of a high-speed traumatic mechanism due to a motor vehicle accident, the McGovern score captures and expands on the seatbelt criteria included in the EAST and modified Memphis criteria to include those patients involved in a motor vehicle accident but without the seatbelt sign. Most importantly, the McGovern score excluded none of the high-grade injuries found in our cohort.
One of the major difficulties with identifying BCVI is that the majority of patients exhibit no focal neurological deficits on initial presentation to the emergency department. 6 In the adult population, neurological symptoms most often occur 10-72 hours after injury, 17, 19 and studies have shown that this delay in the presentation of symptoms also occurs in the pediatric BCVI population. 28 While the Denver, modified Memphis, and EAST screening criteria excelled at identifying patients with high-grade vascular injuries in our cohort, they were unable to identify the group of patients with BCVI who did not present with prominent signs of acute injury. In our BCVI cohort (n = 21), 7 patients (33%) on initial presentation had no focal neurological deficits, fractures, or soft-tissue signs that could be identified on initial imaging. Furthermore, 4 of those 7 patients had GCS > 9. Using the data collected, no combination of criteria mentioned in the previous studies would have correctly identified these missed patients without significantly lowering the specificity of our screening tool. Of those 7 patients, the Denver criteria missed 6 patients, the modified Memphis criteria missed 6 patients, the EAST screening criteria missed all 7 patients, and the Utah score missed all 7 patients. The McGovern score, however, only missed 4 of these patients and correctly identified 2 patients who had embolic strokes found on head CT at 7 days and 3 days, respectively, after initial presentation and were missed by all of the other screening scores. In total, 6 patients were found to have strokes: 2 patients on admission and 4 patients within 24-96 hours after admission despite medical management with antiplatelet therapy. The McGovern score identified all 6 patients, while the Utah score, Denver criteria, modified Memphis criteria, and EAST criteria identified 3, 2, 2, and 2 patients, respectively. Furthermore, none of the 4 patients missed by the McGovern score were correctly identified by the Denver, modified Memphis, EAST, or Utah scores.
The goal of a good screening tool is to identify the patients with BCVI who do not present with prominent signs of deficit and do not have clear risk factors on imaging. Previous studies have determined that at least 30% of BCVI patients will not meet conventional screening criteria, 13 and 29%-33% of patients fell through the cracks of conventional screening criteria (Denver, modified Memphis, and EAST) in our cohort. Numerous studies that investigated BCVI have explored the effects that different MOIs have on BCVI incidence, with nearly all of them reporting that most BCVI patients were involved in a motor vehicle accident. 8, 22, 30, 35, 41 However, to our knowledge, this is the first study to incorporate the MOI into a screening tool for predicting BCVI.
Looking to the Future: Determining the Optimal Treatment for Pediatric BCVI
As in previous studies, 21 we found that many of our patients were treated with observation alone (38.1%). None of our BCVI patients (n = 21) were managed with surgical or endovascular intervention. Of the 13 patients (61.9%) with BCVI who received medical management, 11 patients (84.6%) were treated with aspirin, 1 patient (7.7%) was treated with aspirin and Plavix, and 1 patient (7.7%) was being treated with anticoagulation (Lovenox); however, this treatment was for concurrent deep venous sinus thrombosis and not BCVI management. None of the 4 patients in our cohort who died (19%) would likely have benefitted from intervention for their BCVI: 2 patients were found to have a global hypoxic-ischemic injury caused by cerebral vascular damage as a result of the trauma that was present on admission and deemed nonsurvivable; the other 2 patients presented with grade III diffuse axonal injury and absent brainstem reflexes on admission. As reported by Dewan et al., 21 the main prognostic factor in our cohort appears to be noncerebrovascular injuries present on admission. Also of note is that 11 of 21 patients had subarachnoid hemorrhage on initial presentation, but only 1 of those patients (1 of 21 patients; 4.8%) later developed vasospasm, which is substantially lower than the vasospasm incidence of 10.6% in the adult BCVI population 14 versus approximately 40% in adults with severe head injuries. 48 A noninvasive, nonradiation alternative is to use transcranial Doppler and careful observation to assess the possible future development of vasospasm in patients who present with subarachnoid hemorrhage.
There is no consensus regarding the optimal treatment strategies for pediatric BCVI. Our patients were treated conservatively, and none of them had deficits attributable to their vascular injury on follow-up. However, we appreciate that as techniques for clot removal and stenting advance, more children with severe vascular injuries on CTA will potentially receive endovascular treatment in the future. Additionally, it is important to note that pediatric BCVI is substantially less severe than adult BCVI at the same center as reported by our group. 38 We suspect that this lack of severity is multifactorial. Children have a relatively greater elastic resilience of their vessels compared with adults and have more elastic bone and soft tissues surrounding the vessels that can better absorb the kinetic energy of high-impact blunt trauma. There was no craniocaudal anatomical injury predilection in our cohort. In addition, children have less-diseased vessels, which allows for better recovery even in the setting of injury. In line with the previously referenced studies, our analysis suggests that many pediatric patients diagnosed with BCVI by using angiographic imaging may be safely managed conservatively, i.e., with observation or antiplatelet therapy alone. More research is needed to identify the optimal treatment strategy for pediatric BCVI, and a standardized screening tool for identifying BCVI by institutions will be useful for the development of appropriate BCVI management. Moving forward, we are prospectively collecting McGovern screening scores at our institution to validate the tool's utility. Additionally, we are looking to validate this score with multicenter data and have already requested these data from the Utah group. By applying our screening score to data collected from other institutions, we intend to determine if our screening score does a better job of identifying high-risk BCVI patients.
Limitations
Due to the high-volume of pediatric patients with trauma at our institution, we were able to conduct a singleinstitution study with a cohort of patients that is as large as those included in other multicenter studies. In this way, we hoped to provide important, independent data to assess the generalizability of other BCVI screening criteria (modified Memphis, Denver, EAST, and Utah). However, because this is a single-center retrospective cohort study, it suffers from inherent institutional bias in terms of screening and treatment paradigms. Our center does not currently have a protocol for treating pediatric BCVI, as reflected by the wide variety of interventions, or lack thereof, in our patient cohort. Given that several of our patients who had BCVI had few neurological signs on admission (especially those with low-grade injury), it is reasonable to assume that our incidence of BCVI would have been higher if all of the patients in the initial cohort (12,614 in total) had undergone angiographic screening. Because obtaining angiograms in all 12,614 patients would be impractical, it is impossible to determine the exact incidence of BCVI in our cohort. Additionally, the radiation involved in such an aggressive screening strategy would likely be harmful to the pediatric population. Over the time period of this study, our institution used both CTA and MRA as diagnostic tests to confirm BCVI, although we exclusively use CTA now. Research regarding the differences in the accuracies of CTA and MRA for diagnosing BCVI has yielded mixed results. 46 It is possible, but unlikely-because no significant regions of diffusion restriction were seen-that clinically significant cases of BCVI may have been missed in our cohort of 107 patients (23%) who only underwent MRA with concomitant MRI and not CTA or angiography.
Conclusions
This study reviewed a prospectively collected Level 1 pediatric trauma registry and developed a novel grading system, the McGovern score, to help predict the presence of BCVI from the initial head CT and the MOI to help avoid unnecessary radiation with CTA. The McGovern score had a sensitivity of 81.0%, specificity of 71.3%, and negative predictive value of 98.7% for predicting BCVI, and a specificity of 100% for predicting eventual associated stroke (28.6%). The McGovern score was superior to the Denver, East, modified Memphis, and Utah criteria for predicting BCVI as well as eventual associated stroke and provides a more reliable and standardized assessment of BCVI across academic institutions. Furthermore, because no level of ionizing radiation has been proven safe in children, prospective validation and utilization of the McGovern score could be valuable for reducing the longterm iatrogenic cancer risk in traumatically injured children.
